The current paper presents a simple unbonded-type column strengthening technique with wire rope units and few steel elements. Eleven short columns were strengthened using the proposed procedure and tested under monotonic concentric axial loads. The main variables investigated to evaluate the confinement effectiveness of strengthened concrete columns were the volume ratio, prestress, diameter, spacing and configuration of wire rope units. The strength gain factor and ductility ratio increased with the increase of volume ratio of wire ropes. The prestress applied to wire ropes had little influence on the strength gain factor but the ductility ratio decreased with the increase of prestress in the wire ropes, owing to earlier rupture of wire ropes. At the same volume ratio of wire ropes, the maximum strength of columns was nearly independent on the configuration of the wire ropes, but higher ductility was exhibited by columns strengthened with rectangular spiral-type wire ropes than by columns strengthened with hoop-type wire ropes, until rupture of the wire ropes. The strength gain factor and ductility ratio of strengthened columns were compared with those of tied columns tested in a previous study. The load capacity of strengthened columns was also predicted using the ACI 318-05 equation modified to reflect the load-carrying effect of steel elements. A much higher strength gain factor and ductility ratio were exhibited by strengthened columns than tied columns having the same lateral reinforcement, except for strengthened columns with wire rope spacing above 0 . 5 times core width. The axial load capacity of strengthened columns was higher than that of unstrengthened columns by 5-20%, and could be reasonably predicted using the modified ACI 318-05 equation.
Introduction
Reinforced concrete columns carrying axial compressive loads with or without moment require enough ductility to withstand large deformations as well as to resist applied loads. At large deformations, spalling of cover concrete would likely be extensive, and the load capacity and ductility of columns would greatly depend on the effectiveness of core concrete confined by hoops. It is generally accepted that a proper arrangement of lateral reinforcement, such as hoops and spiral bars, results in improved strength and ductility of the confined concrete. [1] [2] [3] [4] [5] [6] [7] With a growing interest in restoration of concrete structures, effective strengthening methods to enhance the strength and ductility of existing reinforced concrete columns were developed. In the existing carbon fibre sheet or steel plate strengthening method, the strengthening materials would debond from concrete surfaces in large deformations or long-term behaviour owing to differential linear expansion coefficients among concrete, strengthening material and adhesive. As a result, few investigations on unbonded-type strengthening method were published. Teng et al. 8 and Kim et al. 9 showed that the externally unbonded-type stirrups were highly economical and structurally efficient in enhancing concrete beam capacity.
The present investigation reports the testing of 11 short concrete columns strengthened using unbonded wire rope tie units and fractions of steel elements. The main variables investigated were the volume ratio, prestress, diameter, spacing, and configuration of wire rope tie units. The strength gain factor in core concrete of strengthened columns was compared with predictions obtained from the empirical models of Kent and Park, 2 Saatcioglu and Razvi 4 and Sheikh and Uzumeri, 7 based on test results of tied columns. The strength gain factor and ductility ratio of the strengthened columns were also compared with those of conventionally tied columns. 10 
Research significance
Although the bonded-type strengthening method has maintenance and environmental problems, very few, if any, tests of columns having externally unbonded-type strengthening method have been published. To enhance the strength and ductility of existing reinforced concrete columns, an effective unbonded-type strengthening method having wire rope units and steel elements is proposed. Higher strength enhancement and ductility is exhibited by columns strengthened with the developed strengthening method than in tied columns. The axial load capacity of strengthened columns was also higher than that of unstrengthened columns by 5-20%, and could be reasonably predicted using the modified ACI 318-05 11 equation.
Experimental investigation
Strengthening procedure Wire ropes, which play an important role in various offshore and onshore applications, have many advantages such as being lightweight, of high-strength and high flexibility. In the present investigation, the significance and shortcomings of using the wire rope technique as external lateral reinforcement to enhance the strength and ductility of reinforced concrete columns are explored. Fig. 1 shows the details of unbonded-type wire rope units and few steel elements for strengthening of reinforced concrete columns. To maintain the section area of existing columns, the wire rope units and steel sections were installed after the removal of cover concrete. T-shaped and L-shaped steel sections having a 2 . 1 mm thickness were placed along intermediate and corner longitudinal reinforcing bars, respectively. The flange width of T-shaped and L-shaped steel sections was 20 mm, so that individual longitudinal reinforcement could have enough support to prevent buckling of longitudinal reinforcement and enhance bearing capacity of concrete against wire ropes after spalling of cover concrete. The web height of T-shaped steel elements was determined to leave no gap between wire ropes and steel elements. As a result, all steel elements could be fixed in place by wire rope units owing to the prestressing force in wire ropes. A wire rope unit consists of a wire rope and one set of eye-bolt, washer and nut. One end of the wire rope is connected to a 10 mm diameter eye-bolt and the other is joined to a washer as shown in Fig. 1 . Both ends of wire ropes are coupled at the L-shaped steel elements and prestressed by tightening of nuts, similar to the torque control method in high-strength bolts. After the designed prestress force in wire ropes achieved owing to the tightening of nuts, cover concrete Yang and Ashour was constructed using cement mortar according to the size of the existing column section. When the strengthened concrete column is axially loaded, all arranged wire ropes act as hoops to confine concrete, and steel elements can also carry axial force.
In the proposed wire rope units, the prestressing tensile effect is exerted on wire ropes by tensile force in eye-bolts owing to tightening of nuts, which can be controlled by the externally applied torque. If the friction coefficient is constant, the relation between the externally applied torque T and tensile force N acting on a bolt can be written as follows
where d b is bolt diameter and k is a torque coefficient, which is dependent on the friction coefficient and geometrical conditions of the thread in bolts and nuts. From the test results described in a companion paper, 9 the torque coefficient k in the developed wire rope unit can be reasonably assumed as 0 . 3. Losses of prestress in wire ropes owing to deformation of concrete and relaxation of wire ropes would occur; however, this has a very small effect and is negligible.
Test specimens
Eleven short columns were strengthened and tested under monotonic axial loads. Details of geometrical dimensions and wire rope units arranged in test specimens are given in Table 1 and Fig. 2 . All tested columns were 210 mm square and 600 mm high. The concrete core size measured from the centre of the internal steel hoop was kept constant at 162 mm 3 162 mm. Eight longitudinal reinforcing bars of 13 mm diameter were placed inside the hoop for all specimens, producing a longitudinal reinforcement ratio p s (¼ A s =BD) equal to 0 . 023, where A s is the longitudinal reinforcement area, B is the section width and D is the section depth. The main variables investigated were the volume ratio, prestress, diameter, spacing and configuration of wire rope units. Specimen C1 was an unstrengthened, control column. For specimen C2, the diameter, spacing, and initial tensile force owing to prestressing of wire rope units were 4 . 8 mm, 75 mm and 5 kN, respectively. Specimens C3 and C4 were designed to evaluate the effect of diameter and spacing of wire rope units at the same volume ratio r w [¼ (4D c A w )=(D 2 c s w )] of 0 . 003 and initial tensile force F i of 5 kN in wire ropes, where A w is the net area of a wire rope, D c is the concrete core width and s w is spacing of wire ropes. For specimens C5, C6 and C7 the spacing of wire ropes was varied at the same 4 . 8 mm diameter and 5 kN initial prestressing tensile force in wire ropes. The initial tensile force was varied in specimens C8 and C9 at the same 4 . 8 mm diameter and 75 mm spacing of wire ropes. Specimens C10 and C11 had spiral-type wire ropes of a smaller diameter of 3 . 2 mm to allow easy arrangement of rectangular spiral-type wire ropes.
All specimens except unstrengthened column C1 had the same T-shaped and L-shaped steel elements along the individual longitudinal reinforcement, as shown in Fig. 2 . As a result, a steel element ratio p p (¼ A sp =BD) was 0 . 014, where A sp is the total area of T-shaped and L-shaped steel elements. All wire rope units and steel elements were installed only within the test region of 400 mm, as shown in Fig. 2 . Deformed steel bars of 6 mm diameter were arranged at spacings of 200 mm as internal hoops in all test specimens for the test region, and both ends outside the test regions were strengthened with carbon fibre sheets to prevent premature failure in these regions.
Material properties
Design compressive strength of concrete and mortar was selected as 21 MPa to simulate the strength of old, deteriorated concrete. Control specimens of 100 mm diameter 3 200 mm high cylinders were cast and cured simultaneously with columns to determine the compressive strength of concrete and mortar. Fig. 3 shows a typical stress-strain relationship of concrete and mortar used in the test specimens. Concrete and mortar strengths obtained from the compressive test were 22 . 7 MPa and 21 . 4 MPa, respectively, for all column specimens. Figure 4 and Table 2 show the stress-strain relation- 
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ships and mechanical properties of reinforcement, wire rope, steel element and eye-bolt used in the present study, respectively. The wire rope used consists of six strands laid helically over a central core, which consists of a smaller independent wire rope core. The wire rope does not exhibit a yield plateau as shown in Fig. 4 . Raoof and Kraincanic 13 pointed out that the effective elastic modulus of wire ropes is mainly dependent on the lay angle, number of wires and strands and friction coefficient in the contact line of each wire. The elastic modulus of wire ropes used in column strengthening was 55-60% of the elastic modulus of steel of 200 GPa (see Fig. 4) , agreeing with the range recommended by Raoof and Kraincanic. 13 Instrumentation and test set-up All columns were loaded concentrically using a 3000 kN capacity universal testing machine with a displacement rate of 0 . 15 mm/min. In the test region of all columns, displacement was recorded by 50 mm capacity linear variable differential transducers (LVDTs) mounted along the four corners of the columns, as shown in Fig. 5 , and strains of T-and L-shaped steel elements and longitudinal bars were measured by 5 mm electrical resistance strain (ERS) gauges bonded at different locations, as shown in Fig. 2 . Plaster was spread between the column surface and loading plate to achieve uniform distribution of the applied load. A spherical hinge was also set between the testing machine head and columns to trace concentric axial load in large deformation. The tests were terminated when either a wire rope was fractured or the load suddenly dropped. All test data were captured by a data logger and automatically stored. Figure 6 shows the characteristic behaviour of columns strengthened with wire rope units and steel elements. The load at first crack, P cr , and ultimate load capacity, P n , are also presented in Table 3 . Initial cracks in cover mortar commonly occurred at 80-90% of maximum strength of the column along the steel elements as shown in Fig. 6(a) and Table 3 . At average longitudinal strain values of 0 . 002-0 . 0025, the separation of the cover mortar from the core concrete appeared owing to lateral tensile strains created as a result of the Poisson effect, as shown in Fig. 6(b) , and then columns reached their maximum strength. Beyond this stage, the load-carrying capacity of core concrete is primarily a function of confinement provided by wire rope units and steel elements. Owing to buckling of longitudinal reinforcement and steel elements as shown in Fig. 6(c) , the load-carrying capacity of core concrete suddenly dropped, and then wire ropes were ruptured, as depicted in Fig. 6(d) .
Test results and discussions

General behaviour
Axial strains in different columns against applied axial load are shown in Fig. 7 . The axial strains were calculated as the ratio of average displacement obtained from the four LVDTs attached to the corners of columns tested to the gauge length of 400 mm. The test results of unstrengthened column C1 are also given in Fig. 7(a) . The initial stiffness of strengthened columns was slightly higher than that of the corresponding unstrengthened column C1 owing to the load-carrying effect of steel elements. For columns having the same volume ratio of wire ropes, the maximum strength was nearly independent of the diameter and spacing of wire ropes, and higher ductility developed in columns with smaller diameter and closer spacing of wire ropes. However, the smaller the diameter of wire ropes, the earlier the rupture of wire ropes, leading to a sudden drop of axial load resistance of columns, as shown in Fig. 7(a) . The volume ratio r w of wire ropes had a significant effect on the maximum strength and ductility of strengthened columns as shown in Fig. 7(b) , while the initial prestressing force applied to wire ropes had little influence on column behaviour. However, the higher the initial prestress in wire ropes, the earlier the rupture of wire ropes as shown in Fig. 7(c) . At the same volume ratio r w of wire ropes, the maximum strength of columns was nearly independent on the configuration of wire ropes, but higher ductility was exhibited by columns strengthened with rectangular spiral-type wire ropes than by columns strengthened with hoop-type wire ropes until rupture of wire ropes, as shown in Fig. 7(d) . Load-carrying capacity of core concrete Figure 8 shows the average strains in longitudinal reinforcement and steel elements, measured using ERS gauges given in Fig. 2 , against applied axial load for the specimen C2. Up to the occurrence of initial cracking in cover mortar, all longitudinal reinforcement and steel elements practically behaved in a similar manner.
With the occurrence of initial cracking, the strain increase rate of steel elements was relieved compared with longitudinal reinforcement. After spalling of the cover mortar, strains in steel elements abruptly dropped while those of internal longitudinal reinforcement continuously increased. The load-carrying capacity of steel elements would be dependent on the spalling of cover Yang and Ashour mortar as steel elements were placed only within the test region, as shown in Fig. 2 . Axial strains in all longitudinal reinforcement and steel elements at column failure were beyond their yield strains. Figure 9 shows the load-carrying capacities of cover mortar P cm , steel elements P sp , longitudinal reinforcement P s and core concrete P cc for specimen C2. For the calculation of load-carrying capacity of each element, the stress-strain relationships for cover mortar, longitudinal reinforcement and steel elements, as presented in Figs 3 and 4 , are employed. As partial spalling of cover mortar of strengthened columns as shown in Fig. 6 (b) occurred for most columns tested, strains and stresses in different steel elements were not the same. Steel elements close to the spalled cover mortar experienced stress softening, whereas those far away from the spalled cover mortar exhibited a yielding plateau. Therefore, the load-carrying capacity of steel elements is represented in Fig.  9 by two different values: one value, (P sp ) E , is calculated according to the average strain measured by ERS gauges while the other, (P sp ) A , corresponds to the yield strength of steel elements. The actual contribution of steel elements to the load-carrying capacity of columns would be somewhere between these two limits. The load-carrying capacity P cc of core concrete at each axial strain increment is obtained from the difference between the total applied load and load-carrying capacities of other elements including cover mortar, longitudinal reinforcement and steel elements. 2, 4, 6 According to the two different values of the load-carrying capacity of steel elements, the upper (P cc ) U and lower (P cc ) L bounds for load-carrying capacity of core concrete can also be calculated as represented in Fig. 9 , indicating that the load-carrying capacity of core concrete confined by the strengthening technique would be between these two bounds. The load-carrying capacity of core concrete confined by wire rope units and steel elements increased even after spalling of the cover mortar and, beyond peak strength of core concrete, a slower decreasing rate is shown compared with that of concrete obtained from the cylinder test shown in Fig. 3 . This indicates that the confinement effect provided by wire rope units and steel elements contributes to the increase of strength and ductility of concrete, similar to the case of tied columns confined by internal hoop. [1] [2] [3] [4] [5] [6] [7] Strength gain factor and ductility ratio
The influence of lateral reinforcement on the behaviour of columns subjected to axial loads can be generally evaluated from a strength gain factor K s of confined concrete and a ductility ratio ì. The strength gain factor [1] [2] [3] [4] [5] [6] [7] 10 and ductility ratio 3,4 of columns tested can be defined as follows
where f cc is the maximum stress of confined core concrete, which is the ratio of the load-carrying capacity of the core concrete as shown in Fig. 9 divided by the area of the core, and å 85% is the strain value of strengthened columns corresponding to 85% of the maximum strength. The upper (K s ) U and lower (K s ) L bounds for the strength gain factor can be obtained from those of the load-carrying capacity of core concrete as given in Table 3 . The measured ductility ratio obtained from equation (3) for different specimens is also presented in Table 3 . Table 4 gives the empirical models proposed by Kent and Park, 2 Saatcioglu and Razvi 4 and Sheikh and Uzumeri 7 for the strength gain factor, which are based on test results of tied columns confined by internal hoops. The strength gain factor of confined concrete is generally affected by index (r h f yh )= f 9 c and configuration of lateral reinforcement as shown in Table 4 , where r h and f yh are volume ratio and yield strength of lateral reinforcement, respectively.
The comparison between the strength gain factor as obtained from equation (2) and that predicted by the empirical models given in Table 4 is presented in Table  5 . The strength gain factor and ductility ratio increased with the increase of volume ratio of wire ropes. For the same volume ratio of wire ropes, the smaller the diameter and the closer the spacing of wire ropes, the higher the strength gain factor and ductility ratio, similar to the case of tied columns. 10 The prestress applied to wire ropes had little influence on the strength gain factor but the ductility ratio decreased with the increase of the prestress in wire ropes as earlier rupture of wire ropes occurred. The measured upper bound for strength gain factor of strengthened core concrete except speci- Yang and Ashour mens C7 and C11 having wire rope spacing larger than D c =2 was more than 1 . 2 times higher than predictions obtained from the models of Kent and Park, 2 Saatcioglu and Razvi 4 and Sheikh and Uzumeri's, 7 where D c is the core width. In addition, even the lower bound for the measured strength gain factor is higher than predictions for most columns. Figure 10 shows the variation of the strength gain factor and ductility ratio against the lateral reinforcement index, (r w f sw )= f 9 c , for columns strengthened with wire rope units and steel elements, and (r h f yh )= f 9 c for tied columns confined by internal hoops, where f sw is the wire rope stress developed at peak stress of core concrete, therefore, it can be assumed to be f pu À f i , where f pu and f i are tensile strength and initial tensile stress in the wire ropes, respectively. On the same figures, test results of tied columns having similar geometrical dimensions and reinforcement arrangement carried out by Chung et al. 10 are also plotted. The strength gain factor and ductility ratio of columns slightly increased with the increase of the lateral reinforcement index. A higher increasing rate, larger 
Sheikh and Uzumeri
r h ¼ volume ratio of lateral reinforcement, f yh ¼ yield strength of lateral reinforcement, f 9 c ¼ compressive strength of concrete, D c ¼ core width, s h ¼ spacing of lateral reinforcement, C ¼ distance between longitudinal bars confined by lateral reinforcement, A h ¼ area of lateral reinforcement, AE ¼ angle between lateral reinforcement and core width and is equal to 908 if the rectangular hoop is arranged, n ¼ number of longitudinal reinforcement, A cc ¼ area of core concrete, and A s ¼ area of longitudinal reinforcement. strength gain factor-even for lower bound-and ductility ratio for the same lateral reinforcement index developed in the strengthened columns-except for specimens C7 and C11, which had wire rope spacings larger than D c =2-than in the tied columns confined by internal hoops. From Fig. 10 , it can be suggested that the developed strengthening method is superior to the internal hoop for concrete confinement, and the maximum spacing of wire rope units to provide effective confinement is below D c =2.
Axial load capacity predictions
The axial loads applied to concrete columns strengthened with wire rope units and steel elements are transferred by core concrete, longitudinal reinforcement, steel elements and cover mortar as shown in Fig.  9 . Therefore, the axial load capacity of strengthened columns can be expressed as follows
where A cc and A co are the area of core concrete and cover mortar, respectively; A s and A sp are the area of longitudinal reinforcement and steel elements, respectively; and f y and f yp are the yield strength of longitudinal reinforcement and steel elements, respectively.
Equation (4) is a modified version of the ACI 318-05 11 formula to estimate the axial capacity of short reinforced concrete columns. The ratio of the maximum load capacity of strengthened columns to that of unstrengthened column C1, and comparisons between measured axial load capacity and prediction obtained from equation (4) above are given in Tables 3 and 5 , and Fig. 11 . The predicted load capacity of unstrengthened column C1 is calculated from the equation proposed by ACI 318-05. The axial load capacity of strengthened columns was higher than that of the unstrengthened column by 5-20%. The axial load capacity of strengthened columns is reasonably predicted using the modified equation of ACI 318-05, although the test results for columns C6, C7 and C11 having wire rope spacing above D c =2 are lower than the predictions by 3-5%.
Conclusions
Eleven reinforced concrete columns strengthened using developed wire rope units and steel elements were tested under concentric axial load. The following conclusions may be drawn.
(a) The initial stiffness of strengthened columns was slightly higher than that of the corresponding unstrengthened column. (b) The load-carrying capacity of core concrete strengthened with wire rope units and steel elements increased even after spalling of the cover mortar and, beyond peak strength of core concrete, a slower decreasing rate is shown compared with that of unstrengthened concrete. (c) The strength gain factor and ductility ratio increased with the increase of volume ratio of wire ropes. The initial prestress applied to wire ropes had little influence on the strength gain factor but the ductility ratio decreased with the increase of the initial prestress of wire ropes as earlier rupture of wire ropes occurred. (d ) At the same volume ratio of wire ropes, the maximum strength of columns was almost independent of the configuration of wire ropes, but higher duc- Yang and Ashour tility was observed in columns strengthened with rectangular spiral-type wire ropes than in columns strengthened with hoop-type wire ropes until the rupture of wire ropes. (e) The measured upper and lower bounds for strength gain factor of strengthened core concrete except columns C7 and C11 having wire rope spacing larger than half the core width was higher than predictions obtained from empirical formulae of tied columns. ( f ) The strength gain factor and ductility ratio of columns generally increased with increase of the lateral reinforcement index. Higher strength gain factor and ductility ratio was developed by strengthened columns than tied columns having the same lateral reinforcement index, except for columns strengthened with wire ropes spaced more than 0 . 5 times the core width. (g) The axial load capacity of strengthened columns was higher than that of unstrengthened columns by 5-20%, and could be reasonably predicted using a modified equation of ACI 318-05.
